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Myocardial interstitial fibrosis in experimental uremia—Implications
for cardiac compliance. Experimental uremia is known to cause cardiac
hypertrophy. In the present study we examined the effect of uremia
with or without concomitant treatment of hypertension by the convert-
ing enzyme Ramipril (125 sg/day) on micromorphometric indices of
cardiac interstitium at the light microscopical and ultrastructural level.
In male s rats, 21 days of uremia caused an increase of total heart
weight (1040 73 mg wet wt vs. 871 81 in controls, P < 0.05) with
an increase of both right and left ventricular weight. This was accom-
panied by reduction of capillary cross-sectional area despite unchanged
capillary length. The volume density (cm3/cm3) of cardiomyocytes was
unchanged (0.881 0.01 vs. 0.871 0.016 in controls), but volume
density of interstitial tissue (excluding capillary lumen) was significantly
increased (0.042 0.011 cm3 interstitial tissue/cm3 total heart tissue vs.
0.0 19 0.007 in controls). This was associated with signs of activation
of interstitial cells, that is, increased volume of interstitial cell nuclei
and interstitial cell cytoplasm. Concomitantly, a significant increase of
volume density of non-cellular interstitial ground substance was found
which was not normalized by antihypertensive treatment using Rami-
pril. After three months of uremia, electron microscopy showed colla-
gen fiber deposition in the interstitium. Comparable interstitial fibrosis
was not observed in hearts of rats with renovascular (one clip-two
kidney) hypertension. It is concluded that uremia increases myocardial
interstitial ground substance by mechanisms independent of hyperten-
sion. The data may be relevant for recent findings of diastolic heart
malfunction secondary to impaired compliance in uremic patients.
Death from cardiac causes is the major cause of death in
dialyzed patients [I]. Initially it has been thought that this was
mainly due to coronary death secondary to accelerated athero-
genesis in uremia [2]. However, controlled prospective trials
found that de novo occurrence of coronary events was not
increased in dialyzed patients relative to age and risk factor
matched, non-uremic controls [3]. Indeed, recent analyses of
the EDTA registry show that sudden cardiac death of unknown
cause, presumably arrhythmias, are the most common cause of
cardiac death in dialyzed patients [4].
In patients with essential hypertension, cardiac death of
coronary or non-coronary origin is better predicted by cardiac
hypertrophy as assessed by echocardiography, than by various
indices of current blood pressure [5, 6]. It is therefore of note
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that cardiac hypertrophy is commonly present in dialyzed
patients [7]. In experimental studies [81 such cardiac hypertro-
phy could clearly be dissociated from blood pressure.
A considerable body of evidence, based on left ventricular
function curves, points to impaired diastolic heart function in
dialysis patients [9, 10]. The possible anatomical basis for
impaired cardiac compliance has not been explored.
We decided to examine this issue in subtotally nephrecto-
mized uremic rats. Hypertension was controlled in one group of
animals using a converting enzyme inhibitor. The results sug-
gest that uremia causes activation of interstitial cells and
interstitial fibrosis by mechanisms independent of hyperten-
sion.
Methods
Animals
Male Sprague-Dawley rats (Firma Ivanovas, Kisslegg/Allgäu,
FRG) were housed in single cages at constant room temperature
(20°C) and humidity (75%), and a controlled light on/light off
cycle. The animals were fed Altromin C 1000 diet (175 g
protein/kg; 13800 kJ/kg; 9.5 gCalkg; 6.5 gP/kg; 500 IU vitamin
D3/kg; Altromin Co., Lage/Lippe, FRG).
After a three-day adaptation period, the left kidney was
subtotally resected under ether anaesthesia. After another
seven days, the right kidney was removed. Concomitantly,
control animals were sham operated (decapsulation of the
kidney). Care was taken that the adrenals were not damaged.
After the first operation, the animals were pair fed, that is, the
control animals received exactly the amount of food that had
been consumed by the matched animals with renal insufficiency
on the previous day. The animals had free access to deionized
water. Blood pressure was monitored by tail plethysmography
[11], in the afternoon of days 0, 4,7, 14 and 21.
In a separate series, uremic animals were treated with or
without addition of Ramipril' (5 mg/liter; Hoechst Company,
FRG) to drinking fluid. Average daily consumption of drinking
fluid was approximately 25 ml. Blood pressure was measured
on days 0, 14, 30 and 90 of the experiment.
At the end of the experiment (after 21 and 90 days, respec-
tively, in series I and 2), the experiment was terminated. Serum
chemistry was measured using autoanalyzer techniques.
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Concurrently in seven male Wistar rats, initial weight 200 g,
a silver clip was applied to the left renal artery. Seven randomly
selected rats were sham operated and served as controls. Blood
pressure was measured weekly for 24 weeks.
Morphological techniques
Sample preparation. At the end of the experiment, the
viscera were fixed by retrograde vascular perfusion at a pres-
sure of 110 mm Hg after catheterization of the abdominal aorta.
Before fixation, the vascular system was flushed with a dextran
solution (Rheomacrodex'), containing 0.5 g/liter procaine/HCI,
for two minutes to ensure absence of sludge and cardiac arrest
in diastole. The vena cava inferior was incised to drain the
blood. The incision was performed 10 seconds after the start of
the dextran infusion in order to avoid collapse of capillaries
caused by low venous pressure. The vascular system was
subsequently perfused with 0.2 M phosphate buffer containing
3% glutaraldehyde for 12 minutes.
All left ventricular papillary muscles were randomly cut
either longitudinally or transversely with a tissue sectioner, as
described elsewhere, into 200 jim slices [12, 13]. Seven trans-
versely cut slices and two longitudinally cut slices were ran-
domly selected for stereology. At the tip of the papillary
muscles 1 mm of muscle tissue was dissected in order to avoid
sterological analysis of collagen fibers of the chordae tendineae.
All specimens were postfixed in ice cold 3% glutaraldehyde
for 24 hours, and afterwards in 1% 0s04 for 30 minutes at room
temperature, dehydrated in ethanol and embedded in Epon-
Araldite. Semithin sections (1 jim) were stained with methylene
blue and basic fuchsin [14], and were examined by light
microscopy using oil immersion and phase contrast. Ultrathin
sections were stained with uranyl acetate/lead citrate and
examined with a Zeiss EM 10 electron microscope (Zeiss.
Oberkochen, FRG).
Quantitative stereology—mathematical model. Stereological
analysis was performed on transverse and longitudinal sections
of the left ventricular papillary muscles.
Volume densities (V), that is, volume of the structure under
study (cm3) per unit tissue volume (cm3), were obtained by
point counting according to the equation
= P,
where P, is point density, that is, point number on profiles per
total point number.
Length density (Lv) of capillaries, that is, capillary length
(mm) per unit tissue volume (mm3), and surface densities (Sv)
of capillaries, that is, capillary surface area (cm2) per unit tissue
volume (mmm3), were calculated according to Mattfeldt and
Mall [13, 15]. As described in detail elsewhere [15, 16] aniso-
tropy, or lack of homogenous orientation of capillaries in space,
was corrected for according to the formulas:
Lv = c1 (KL, = 0) x QA (a = 0) (capillaries)
S = c2 (K5, a = 0) x BA (a = 0) (capillaries)
where: Lv is length density of capillaries; c1 is correction
coefficient for anisotropy in transverse sections (a = 0); KL,
anisotropy constant for elements (capillary length); QA, sec-
tions profiles per unit area for transverse sections (a = 0); Sv,
surface density of capillaries; c2, correction coefficient for
anisotropy in transverse sections (a = 0); K8, anisotropy
constant for elements (surface areas) in transverse sections; BA,
boundary length per unit sectional area for transverse sections
(a 0). Estimates of the anisotropy constant K were derived
from the ratio of counts in transverse and longitudinal sections:
QA (a = O)IQA (a =
Analogous calculations were carried out to obtain estimates
of K5.
Surface densities of mitochondria were calculated according
to the following formulas:
= (4/iT) X [BA(a = 0) + 2BA(a = ir/2)] (outer mitochon-
drial membranes) (4)
= (4/ir) x BA (inner mitochondrial membranes) (5)
where: Sv is surface density of outer and inner mitochondrial
membranes, respectively; BA, boundary length per unit sec-
tional area; BA (a = 0), boundary length per unit area in
transverse sections (a = 0); BA (a = irI2) = boundary length for
unit area in longitudinal sections. As described elsewhere [16] a
model-based S estimate of anisotropic tubular structures is
thus obtained based on a Marriott distribution. This model is
valid under mild anisotropy BA (a = 0)/BA (a = ir/2) 6/5 and
a single axis of anisotropy [171. Equation 5 is valid in the case
of randomly oriented surfaces independent of sectioning angle
a.
Numerical density (Nv), that is, number per unit tissue
volume, of muscle cell nuclei was obtained by the equation
Nv = (NA)U X jij
where (NA)U is the number of section profiles per unit area
normal to the longitudinal axis U; it represents the numerical
density of nuclei per tissue area on transverse section. ji1 is
the mean caliper length in direction u.
Mean caliper length was estimated by serial sectioning with-
out reconstruction as proposed by Cruz-Orive [181. Thirty serial
Oriv transverse sections (thickness: 1.5 jim) per animal were
used to determine the mean caliper length of nuclei along the
axis of papillary muscle (15 to 20 nuclei per animal).
Sampling techniques for stereological evaluation. The ste-
reological analysis was performed using a multistage sampling
procedure.
(1) Stage I (magnification 1,000:1, light microscopy): Seven
transverse and two longitudinal semithin sections per animal
were evaluated. Eight test areas per section (58,000 jim2) were
analyzed with a Zeiss eyepiece containing 100 points and 10
lines (total length: 927 jim). Test areas were obtained by
systematic subsampling. The points were used for point count-
ing, the test lines to obtain intersections with the capillary
profile boundaries to estimate BA. V of capillaries, endothelial
cell nuclei, interstitial cell nuclei, total interstitial tissue and
myocardial cells, and Nv of endothelial and interstitial cell
nuclei were derived from counts on transverse sections; Lv and
(2) sv of capillaries were derived from counts on transverse and
(3) longitudinal sections. Reference volume was the total myocar-dial tissue of the left ventricular papillary muscles.
Stage 2 (magnification 32,500:1, electron microscopy): Two
randomly selected, transverse ultrathin sections per animal
were used to estimate the volume ratios (Vv ratios): volume of
endothelial cell cytoplasm per unit volume of interstitial tissue,
volume of interstitial cell cytoplasm per unit volume of inter-
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Table 1. Effect of renal insufficienc y on blood pressure and heart weight
Control group
N=14
Uremic group
N=14 P
—
Initial body weight g
Final body weight g
Systolic blood pressure mm Hg
Total heart weighta mg wet Wi
Left ventricle mg/ww
Right ventricle mg ww
Serum creatinine mg/dI
Serum urea mgldl
Serum K mmol/Iiier
232 20.2
252 22.1
122 31.8
871 81
709 29
148 11.4
0.44 0.11
52.7 19.5
5.45 0.94
220 13.1
239 18.3
142 25.8
1040 73
866 14.5
174 l4.3
1.20 0.30
146 32.9
6.18 0.71
NS
<0.05
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.05
x SD; significant difference between pairfed uremic animals and matched sham-operated controls (P < 0.01; Wilcoxon's test for paired
differences).
Including the atria
stitial tissue, and volume of interstitial (non-cellular) ground
substance per unit volume of interstitial tissue. These sections
were supported on nickel grids containing 300 meshs. Fifteen
meshs per section were systematically subsampled. The total
area of each mesh was divided into 16 areas each containing 80
test points. The test points were drawn on a transparent foil
which was attached to the fluorescent screen, The volume
ratios were estimated with point counting. Sampling and count-
ing were performed on-line on a television monitor. The volume
ratios were multiplied with V of capillary lumen obtained at
stage 1 to estimate the Vv of endothelial cell cytoplasm,
interstitial cell cytoplasm and non-cellular interstitial ground
substance. The reference volume was the total myocardial
tissue of left ventricular papillary muscles. Sv of outer mito-
chondrial membranes and the S, ratio of mitochondria were
derived from the BA values which were measured on-line with
a semiautomatic image analyzing system (Videoplan, Kontron).
A cursor was moved on a measuring tablet in order to determine
areas and circumferences, By means of a video overlay system,
a light point was generated on a monitor which corresponded to
the relative position of a cursor on the tablet. This light point
was projected on the electron microscopic image and permitted
to measure circumferences and areas of mitochondrial profiles.
The total circumferences of profiles divided by the total area of
mitochondrial profiles (BA values) was determined on one
longitudinal section (15 test areas) and on one transverse
section (10 test areas). From equation 4 we obtain the Sv ratio
of mitochondria. S, of mitochondrial surface (per unit volume
of myocardial cells), that is, Sv of outer mitochondrial mem-
branes was calculated by multiplication of the Sv ratio of
mitochondria with V., of mitochondria.
Stage 3 (magnification 145,700: 1, electron microscopy): One
ultrathin section per animal was randomly selected to estimate
Sv of inner mitochondrial membranes. Fifteen, systematically-
subsampled test areas were evaluated, and estimates of Sv were
derived from intersections with a square lattice containing 63
squares (side length: 0.2 p.m) via the BA values. The "loss" of
obliquely cut membrane images was corrected as described
elsewhere [12]. Reference volume consisted of the myocardial
cells of the left ventricular papillary muscles.
Statistical analysis
All data are expressed as arithmetic mean SD. Student's t
test for unpaired data was employed to compare arithmetic
means between the groups. The concentration parameters KL
and K5 were compared with Mann-Whitney's U-test for un-
paired data. A result was considered significant if the probabil-
ity of error, P. was lower than 0.05.
Studies on capillary permeability wit/Ifluorescent albumin
Lissamine-rhodamine B 200 (RB 200) labeled bovine albumin
(3 mI/kg body wt) was injected intravenously [19]. One uremic
animal and one control animal, respectively, were examined
after 10 minutes, and two uremic and control animals after 30
minutes, using fluorescence microscopy in transversal frozen
sections.
Results
Description of the animal model
After 21 days of uremia body weight was slightly but signif-
icantly lower in uremic animals compared with pairfed controls
(Table I). Uremic animals were hypertensive, and heart weight
was increased in the animals which were not subjected to
perfusion fixation.
From the total animal sample, seven pairs were chosen for
organ perfusion with the use of random numbers. After perfu-
sion, total heart weight was significantly (P < 0.05) higher in
uremic animals than in controls (1.00 0.05 g vs. 0.82 0.05).
Stereological analysis of inyocardial interstiliu,n
As shown in Table 2, capillary length density in uremic
animals was unchanged, but capillary surface density and
capillary volume density were both significantly decreased.
True interstitial volume, that is, total volume without myocar-
dial cells and without capillary lumina, was significantly in-
creased in uremic animals (Table 3). This effect appears to be
specific for heart, since qualitative analysis of perfusion fixed
liver failed to show expansion of Glisson fields and failed to
show intralobular collagen.
Expansion of true interstitial volume was associated with an
increase of cellular and non-cellular components, that is, vol-
ume density of interstitial cell nuclei and interstitial cell cyto-
plasm was also increased. Increased cell volume is presumed
evidence of cell activation; cell activation with corresponding
changes of cell ultrastructure is also documented in the electron-
micrographs of interstitial cells of uremic animals compared
with controls, respectively (Fig. I). From the stereological data
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Table 2. Stereological parameters (light microscopy)
Uremic group Control group
Parameter N = 7 N = 7 P
Capillaries
Capillary length density L mm/mm3 3491 382 3640 230 NS
QA (0) 1/mm2 3321 371 3471 239 NS
QA (/2) //,nm2 602 61 588 103 NS
c1 (KL, a = 0) 1.05 0.01 1.05 0.01 NS
Anisotropy constant KL 5.4 5.6 NS
Capillary surface density Sy cmn2/cmn3 538 44 636 57
BA (0) cm/cm2 520 58 602 60
<0.005
<0.005
BA (ir/2) cm/cm2 372 25 453 32 <0.005
c,(K5, a = 0) 1.06 0.05 1.07 0.03 NS
Anisotropy constant Ks —2.0 —2.6 NS
Capillary volume density V, cm3/cm3 0.076 0.011 0.110 0.019 <0.005
(lumen)
Mean cross sectional area Jun2 22.1 1.79 31.7 3.49 <0.001
Myocardial cells
VS,, cm3/cm3 0.881 0.010 0.871 0.016 NS
True interstitial tissue volume density 0.042 0.011 0.0 19 0.007 <0.001
without capillary lumen Vv c,n3/c,n3
SD; KL and K5 as medians. Reference volume: myocardial tissue of the papillary muscles.
Table 3. Sterological parameters of the myocardial interstitium (combined light and electron microscopy)
Uremic group Control group
Parameter N = 7 N = 7 P
Volume density LVv (cm3/cm3)] of
Endothelial cell nuclei 0.0 102 0.0007 0.0 106 0.0026 NS
Endothelial cell cytoplasm 0.0122 0.0042 0.0151 0.0056 NS
Interstitial cell nuclei 0.0066 0.0011 0.0051 0.0008 <0.02
Interstitial cell cytoplasm 0.0209 0.0 126 0.0046 0.0034 <0.00 1
Noncellular interst. ground substance 0.0165 0.0057 0.0103 0.0047 <0.05
Endothelial cell nuclei
Numerical density N I/,nm3 97079 16580 104543 14190 NS
NA 1/mm2 1273 161 1322 139 NS
z.., p.m 13.1 1.5 12.7 1.1 NS
Interstitial cell nuclei numerical density N 52173 9135 50340 4602
NA 1/mm2 623 89 529 38
NS
<0.02
p.. un 11.9 1.2 10.5 0.6 <0.02
Mean barrier thickness of endothelial cells 227 64 237 85 NS
nm
SD. Reference volume: myocardial tissue of the papillary muscles.
it can be calculated that cytoplasmic volume of interstitial cells
is increased approximately fivefold in uremic animals (452
348 p. vs. 85 67; P < 0.001), whereas nuclear volume was
somewhat less increased (130 39 p. vs. 98 14; P < 0.05,
Wilcoxon's test). No difference of cytoplasmic (119 59 p. vs.
146 87 in controls) or nuclear volume (106 19 p. vs. 100
13 in controls) was found for endothelial cells.
Stereological analysis of cardiomyocyte ultrastructure
The salient finding in cardiomyocyte structure was a slight
increase of volume density of mitochondria, accompanied by
decreased surface/volume ratios for outer and inner mitochon-
drial membranes as presumed evidence of mitochondrial swell-
ing (Table 4). This is well shown in the electronmicrograph of
cardiomyocyte mitochondria of control and uremic animals,
respectively (Fig. 2). Other ultrastructural elements, that is
myofibrils and sarcoplasm, were not strikingly changed. Aver-
age length of sarcomeres was unchanged, documenting absence
of acute cardiac dilatation.
Comparison of Ion gterm uremia without and with blood
pressure normalization by Ram iprilR
Since blood pressure was increased in uremic animals (Table
I) an attempt was made to observe uremic animals without
elevated blood pressure. The results of comparison of uremic
animals with and without converting enzyme inhibitor Ramipril
are shown in Table 5. Heart weight was higher in uremic
animals treated with Ramipril than in sham-operated pairfed
controls treated with Ramipril. Heart weight in uremic animals
treated with Ramipril was not significantly different from non-
matched untouched controls which had, however, considerably
higher blood pressure.
Volume density of non-capillary interstitial tissue was signif-
icantly increased in uremic animals irrespective of whether or
not they had been treated with Ramipril.
808 Mall et al: Myocardial fibrosis in uremia
Fig. 1. A. Myocardial interstitial cell of a control animal (electron micrograph, magnffication 12,100:1). Cytoplasm without evidence of cell
activation. B. Activated interstitial cell of a uremic rat three weeks after 5/6 nephrectomy (magnification 14,300: 1). Note the increase in cytoplasm.
Abundant endoplasmic reticulum and Golgi complex and numerous cytoskeletal filaments within the cytoplasm.
Table 4. Stereological parameters of myocardial cell organelle s (electronmicroscopy)
Uremic group Control group
Parameter N = 7 N = 7 P
Volume density [(V (cm3/cm3)] of
mitochondria 0.287 0.022 0.255 0.026 <0.05
myofibrils 0.664 0.018 0.678 0.040 NS
sarcoplasm 0.045 0.015 0.058 0.0208 NS
Surface density ISv (m2/cm3)] of
outer mitochondrial membranes 1.98 0.18 2.02 0.22 NS
inner mitochondrial membranes (+ cristae) 13.19 1.10 12.75 1.47 NS
Surface volume per unit mitochondrial
[S volume (m2/cm3)J
outer mitochondrial membranes 6.90 0.37 7.90 0.25 <0.001
inner mitochondrial membranes (+ cristae) 45.97 1.59 49.99 2.54 <0.005
Average length of sarcomeres sm 2.43 0.11 2.42 0.07 NS
SD. Reference volume: myocardial cells of the papillary muscles.
A similar increase of volume density of non-capillary inter-
stitial tissue was not observed in animals with one clip-two
kidney renovascular hypertension for 24 weeks. Vv was 0.028
0.010 in hypertensive animals (N = 7; systolic pressure 154
23 mm Hg) compared with normotensive (systolic pressure 94
16 mm Hg) control animals (0.032 0.015 V).
Ultrastructural analysis in uremic animals with or without
Ramipril, but not in animals with renovascular hypertension,
showed pericapillary cuffs of striated collagen fibers as docu-
mented in Figure 3.
Studies on capillary permeability
In order to investigate whether activation of interstitial cells
was due to increased transcapillary traffic, transcapillary per-
meation of rhodaminlabelled bovine albumin was examined 10
and 30 minutes after intravenous injection. Fluorescence was
restricted to the capillary space after 10 minutes in uremic and
control animals and similarly slight but definite extracapillary
fluorescence was observed in both groups after 30 minutes.
Discussion
The above results clearly document that interstitial cells in
the left ventricular myocardium are activated in uremic rats.
This is associated with an increase of non-cellular interstitial
volume and ultimately deposition of collagen fibers. Activation
selectively concerned interstitial cells, mainly pericytes, and
not endothelial cells or mast cells, as shown by quantitative
stereological analysis which documented increased nuclear
volume (possibly pointing to genomic activation) and by quali-
tative ultrastructural examination. No generalized increase of
interstitial volume and collagen fibers was noted, however,
since collagen deposition or fibrosis was not observed in the
sinusoids or Glisson triads of perfusion fixed livers (data not
shown).
Several potential artefacts were considered and excluded by
appropriate precautions. Previous studies had been designed to
exclude fixation artefacts 112, 151. In this context it is of note
that tissue water content, that is, the difference between wet
and dry weight, was unchanged in this study as in our previous
investigation [8]. Anisotropy constants were measured to eval-
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Fig. 2. A. Myocardia! cell ultrasiructure of control rat (electron micrograph, magnification 18,600 :1). Normal appearance of mitochondria and
myofibrils. At the upper side capillary wall. B. Myocardial cell ultrastructure of a uremic rat three weeks after 5/6 nephrectomy (magnification
18,600:1). Mitrochondria show distinct swelling (see also stereological measurements in Table 4). Myoflbrils do not show any abnormalities.
Table 5. Stereological parameters of myocardial interstitium in uremic animals with antihypertensive treatment
Control
N=12
Control +
RamiprilN=12
Uremia
N=l2
Uremia +
RamiprilN=l2
Volume density of non-capillary interstitial
tissue
Vv(cm3/cm3)
Systolic blood pressure mm Hg
Heart weight mg wet wt
Final body weight g
Serum urea mg/d!
0.010 0.002
Ill 9
792 63
351 16
36.7 4.8
0.009 0.00288 9
682 73
335 29
42.2 9.2
0.015 0.003a123 7
847 80"
338 27C
95.8 21.8"
0.014 0.004c
97 l2C
798 5I"
342 34
87.9 14"
SD. For stereological measurements, N = 7 per group. Matched groups were pairfed, i.e. control and uremic animals and control animals +
Ramipril with uremic animals ÷ Ramipril, respectively.
Significant difference between pairfed control animals and uremic animals (Wilcoxon's test for paired differences):
a p < 0.05; b P < 0.01, respectively
Significant difference between control animals and uremic animals + Ramipril (Wilcoxon's test for random samples):
P < 0.05; " P < 0.01, respectively.
Not significant.
uate spatial orientation of structural elements. Gross changes of
the architecture of myocardial interstitium and its individual
elements cannot account for our findings since anisotropy
constants remained unchanged.
No direct studies were conducted to examine the mecha-
nisms involved, but several conclusions can be drawn. Since
cardiac cell necrosis or cellular infiltrates were not observed,
the increase of true interstitial volume in the left ventricle must
represent a non-replacement type of fibrosis. The increase of
interstitial volume was diffuse so that tissue reaction to individ-
ual cell necrosis is unlikely. Although the animals were anemic,
it is unlikely that this is the cause, since in previous studies
severe anemia failed to increase interstitial volume [20]. Some
previous authors described calcium deposits in the heart of
uremic animals, but no such deposits were noted in the animals
under study. Since recently alterations of ultrastructure and
anionic molecular organization of capillary basement mem-
branes have been described in myocardium of uremic patients
[21], an effort was made to examine the barrier function of
cardiac capillaries using fluorescent probes. Within the sensi-
tivity of the method used, the results indicate unchanged
permeability of cardiac capillaries.
In the genesis of the interstitial lesion, both altered mechanics
of cardiac contraction and circulating growth factors deserve
consideration. Although one type of congestive cardiomyopa-
thy has recently been described in uremic patients 122], conges-
tive cardiomyopathy is excluded in our animals by unchanged
sarcomere length and unchanged cavity diameters (data not
given). Wall tension was not directly measured. It is not
excluded, however, that myocardial contraction is altered in
experimental uremia, that is, secondary to electrolyte changes
and increased afterload. However, two lines of evidence argue
against the latter possibility. First, we examined animals with
one clip-two kidney renovascular hypertension and failed to
note an increase of interstitial volume in the heart. If anything,
a relative decrease was noted which may be secondary to an
increase in cardiomyocyte cross-sectional area. Secondly, in a
separate study we normalized systolic blood pressure by ad-
ministering the converting enzyme inhibitor Ramipril to the
drinking fluid. Although systolic blood pressure was lower in
4;
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Fig. 3. Iniermyocardiocylic fibrosis 12 weeks after subtotal nephrec-
to,ny (semithin transverse section, light micrograph, magnjfication
1260:1).
uremic Ramipril-treated rats than in untouched control rats, a
marked increase of non-capillary interstitial tissue was found.
Consequently, it is unlikely that the abnormality of interstitial
volume in the heart results from the hypertension associated
with renal failure.
It has been shown recently that prorenin is extracted in the
coronary bed [23]; it has been proposed that circulating or local
cardiac renin systems are involved in cardiac hypertrophy. Our
failure to abolish increased interstitial volume by treatment with
a converting enzyme inhibitor would argue against this possi-
bility.
Circulating (growth) factors must be discussed as potential
signals for interstitial cells to increase synthesis of ground
substance. Several candidates exist. PTH activates numerous
cells [24], and secondary hyperparathyroidism is a feature of
uremia. Furthermore, increased somatomedin levels have been
reported in uremia [25]. However, we consider it unlikely that
activation of interstitial cells occurs via one or more systemic
factors, since this would fail to explain why pericytes are
activated selectively, but not endothelial cells. It would also be
difficult to explain why expansion of interstitial tissue and
fibrosis are restricted to the heart and do not occur in other
organs, such as the liver. However, local factors, analogous to
the recently recognized factors in the hypertrophied heart of SH
rats activating myocardial cell cultures, are one potential pos-
sibility [261. Finally, although pointing to an analogy does not
provide explanation, it is not without interest that in diabetes
mellitus, that is, another metabolic disturbance, interstitial
changes of the heart have been demonstrated [27, 28].
Some caution is appropriate when morphological findings in
the heart of the rat are extrapolated to humans; for example, in
the aging rat, myocardial fibrosis develops, a finding which is
not observed in humans [29]. However, preliminary observa-
tions of our group on hearts of dialyzed patients also show
uniform presence of diffuse interstitial fibrosis, anatomically
unrelated to vascular territories [7]. Consequently, it appears
likely that cautious extrapolation is justified.
What might be potential functional consequences of in-
creased interstitial tissue? It has been documented recently [7,
9, 10] that cardiac compliance is commonly impaired in uremic
patients. This has clinical implications, since higher, left ven-
tricular filling-pressures will be required to maintain adequate
stroke volume. Patients with noncompliant ventricles are ap-
parently particularly prone to hypotension during volume loss
on dialysis [7].
Disturbed cardiac compliance may be due (a) to concentric
cardiac hypertrophy with altered mass-volume ratio or (b) to
increased wall stiffness. The relative contribution of cardiac
hypertrophy versus interstitial fibrosis for altered cardiac com-
pliance in dialyzed patients has not been evaluated. However, a
role of interstitial fibrosis for the genesis of disturbed compli-
ance is likely. In experimental animals compliance has been
shown to be related to hydroxyproline content [30]; further-
more, in patients who had undergone cardiac surgery for
valvular disease, a relation could be shown between the extent
of fibrosis and the extent to which compliance was disturbed
[31].
One further consequence of interstitial fibrosis may be altered
electric parameters. Interposition of high resistance interstitial
tissue into excitation pathway causes fragmentation of the
excitation front and facilitates reentry mechanisms [32]. Sudden
cardiac death of unknown origin is a major cause of death in
dialyzed patients [4], particularly in dialyzed diabetic patients
[33]. Among other factors, interstitial fibrosis must be consid-
ered as a potential cause jeopardizing electrical stability of the
heart in uremic patients.
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